Introduction
Carcinogenesis is a multiple-step process, involving the accumulation of multiple genetic and epigenetic changes, which allows the clonal selection of progeny with growth and survival advantages (Hanahan and Weinberg, 2000; Ponder, 2001) . These changes often cause the gain-of-function or activation of oncogenes and loss-of-function or inactivation of tumor suppressor genes (TSGs) (Knudson, 2001; Jones and Baylin, 2002) . Oncogenes, once activated, can promote carcinogenesis by conferring certain selective growth advantages to the affected cell (Bishop, 1996) . In contrast, TSGs have tumor inhibitory functions that need to be inactivated for tumor growth. TSGs' inactivation is usually recessive as they lose their functions only after the inactivation of both copies (Knudson, 2001) . Inactivation of TSGs in human tumors is usually achieved through either the combination of one genetic change, mainly chromosomal deletion, with another genetic or epigenetic change such as promoter methylation that silences gene transcription, or through epigenetic inactivation of both alleles (Knudson, 2001; Jones and Baylin, 2002) . Frequently, TSGs' identification begins with the detection of chromosomal deletions in tumor cells. While many oncogenes have been identified, much fewer TSGs were discovered, mainly due to difficulties in the detection and fine mapping of deletions. Comparative genomic hybridization (CGH), which complements the conventional cytogenetic techniques such as fluorescence in situ hybridization (FISH), was developed to screen for genome-wide chromosomal aberrations in tumors. CGH has facilitated TSG identification by providing more TSG loci for further genetic and functional analysis.
Through analysing the CGH database of human tumors available online (http://amba.charite.de/Bksch/ cghsuper/index.htm) and from literatures, we found that 16q23 was frequently deleted in a variety of tumors including tumors prevalent in our locality such as esophageal carcinoma (ESCC) and nasopharyngeal carcinoma (NPC) ( Table 1) , suggesting the presence of critical TSGs at this locus. Indeed, a well-studied TSG -WWOX (WW domain containing oxidoreductase) is located within this region (Paige et al., 2001) . In this study, we investigated whether other genes in this region could also function as TSGs. We found that ADAMTS18 (a disintegrin and metalloproteinase with thrombospondin motifs), located adjacent to WWOX, was significantly downregulated in multiple common tumors, as reported recently in breast cancer (Porter et al., 2004) . ADAMTS18 belongs to the ADAMTS family of secreted proteases closely related to ADAM (a disintegrin and metalloproteinase-like, or adamalysin) proteinases, which are involved in ectodomain shedding or activation of diverse cell surface molecules including growth factors and adhesion receptors (Porter et al., 2005) . Although the molecular functions of most ADAMTS proteins are unknown, some members, such as ADAMTS1, are known to contribute to the turnover of extracellular matrix (ECM) and the progression of various diseases including cancers (Porter et al., 2005) .
We further found that the tumor-specific downregulation of ADAMTS18 is mediated by promoter methylation rather than genetic deletion. Ectopic expression of ADAMTS18 in carcinoma cells lacking its expression led to dramatic inhibition of tumor cell growth, confirming that ADAMS18 is a novel functional tumor suppressor.
Results
Broad expression in normal tissues and frequent downregulation of ADAMTS18 in multiple carcinoma cell lines TSGs are usually characterized by their downregulation during tumorigenesis. To assess whether ADAMTS18 was downregulated in tumors, we determined its expression in multiple normal tissues and a large collection of carcinoma cell lines with semiquantitative reverse transcription (RT)-PCR. ADAMTS18 is highly expressed in most normal tissues examined ( Figure 1a ). In contrast, its expression was dramatically reduced or totally silenced in multiple carcinoma cell lines, including the cell lines of esophagus, nasopharynx, stomach, colon, breast, lung and cervix; its expression remained high in all nontumor epithelial cell lines including two normal mammary epithelial cell lines (HMEC and HMEpC) and three immortalized but nontransformed epithelial cell lines (nasopharyngeal, NP69 and esophageal, NE1 and NE3) (Figure 1b and summarized in Table 2 ). These results indicate that ADAMTS18 is frequently and specifically downregulated in carcinoma cell lines.
ADAMTS18 downregulation is not due to genetic deletion The downregulation of ADAMTS18 in carcinoma cell lines may be explained by genetic deletion, as it locates in the frequently deleted 16q23 locus. We, thus, carried out multiplex differential genomic DNA PCR to detect its homozygous deletion, using two independent primer pairs ( Figure 2a) . Surprisingly, no obvious deletion was detected in tumor cell lines with reduced or silenced expression (Figure 2b ). This discrepancy to the previous (Figure 2c ). Taken together, these results indicate that other mechanisms should be responsible for ADAMTS18 downregulation in tumors. Methylation of the ADAMTS18 CGI contributes to its downregulation in carcinoma cell lines TSGs can also be frequently inactivated through epigenetic mechanisms, mainly methylation of promoter CpG Islands (CGI) that are generally unmethylated in normal tissues (Jones and Baylin, 2002) . A typical CGI was found near the ADAMTS18 exon 1 by CGI Searcher (http://ccnt.hsc.usc.edu/cpgislands2), using the following criteria: GC content >55%, Obs CpG/ Exp CpG >0.65, and length B500 bp (Figure 3a) , indicating that ADAMTS18 is vulnerable to methylation-mediated silencing. We, thus, analysed the methylation status of the ADAMTS18 CGI with methylation-specific PCR (MSP) in a number of carcinoma cell lines. As expected, the ADAMTS18 CGI was methylated in all cell lines with silenced or reduced expression ( Figure 3b and Table 2 ). One of the three nude micepassaged NPC tumors (C15) also had methylation, with another one (C17) weakly methylated. In contrast, no methylation was detected in all five nontumor epithelial cell lines (Figure 3b ), indicating that ADAMTS18 CGI methylation is tumor-specific. We further examined the methylation status of the ADAMTS18 CGI by high-resolution bisulfite genome sequencing (BGS) analysis of 36 CpG sites within the CGI, including those CpG sites analysed by MSP. Nearly all CpG sites examined were methylated in tumor cell lines while only scattered methylated CpG sites could be detected in nontumor cell lines (Figure 3c ), confirming the tumor-specific methylation of ADAMTS18 CGI.
Activation of ADAMTS18 expression by pharmacological and genetic demethylation
To further determine whether CGI methylation directly mediates ADAMTS18 silencing, we compared the ADAMTS18 expression levels in tumor cells before and after treatment with the DNA methyltransferase inhibitor 5-aza-2 0 -deoxycytidine (Aza), together with or without histone deacetylase inhibitor Trichostatin A (TSA). ADAMTS18 expression was significantly induced after drug treatment even with Aza alone (Figure 4a ). Meanwhile, both MSP and BGS showed that the CGI was dramatically demethylated in the presence of drug (Figures 4a and c) , revealing a direct link between ADAMTS18 silencing and CpG methylation. Similar result was observed in the colorectal cancer cell line HCT116 with double knockout of two major DNA methyltransferases DNMT1 and DNMT3B that function together to maintain cellular DNA methylation (Figures 4b and c) . These results confirm that ADAMTS18 downregulation is directly mediated by CGI methylation.
Methylation of the ADAMTS18 CGI in primary carcinomas
We further analysed the ADAMTS18 methylation status in a large collection of primary carcinoma samples. Epigenetic silencing of ADAMTS18 in carcinomas H Jin et al Methylation was detected in a variety of tumors but seldom in the corresponding nontumor tissues ( Figure 5 and Table 2 ), highlighting the importance of tumorspecific ADAMTS18 methylation in tumorigenesis.
Ectopic ADAMTS18 expression inhibits tumor cell growth
The tumor-suppressor function of ADAMTS18 was investigated by a gain-of-function approach with monolayer colony formation and soft agar assays. Mammalian expression vector pcDNA3.1 containing ADAMTS18 full-length open reading frame was introduced into two carcinoma cell lines with reduced ADAMTS18 expression, HONE1 (nasopharyngeal) and EC109 (esophageal), and the numbers of surviving colonies after transfection and G418 selection were counted. After ADAMTS18 re-expression, the colony numbers of both cell lines were significantly reduced in both monolayer and soft agar culture (Po0.01) (Figures 6a-c) , indicating that ADAMTS18 suppresses both anchorage-dependent and -independent growth of tumor cells.
Discussion
We report here that ADAMTS18 was downregulated in multiple carcinomas through promoter methylation rather than genetic deletion. Ectopic expression of ADAMTS18 in carcinoma cells lacking its expression led to dramatic growth inhibition. Thus, our results indicate that ADAMS18 is a new functional tumor suppressor epigenetically silenced in tumors.
Limited numbers of TSGs have been identified due to technical difficulties in precisely defining chromosomal deletions. CGH has greatly facilitated TSG identification through the genome-wide screening of gene copy number changes in tumors, although it still has a limited resolution of B10 Mb. High-resolution aCGH can identify micro-deletions which have not been able to be detected previously (Pinkel et al., 1998) . We used a 3040-BAC clone based CGH-array (Sanger Institute whole-genome array) with a resolution of B1 Mb to detect genetic changes in common tumors in our locality (Ying et al., 2006) . Our results are largely consistent with previous findings with conventional Epigenetic silencing of ADAMTS18 in carcinomas H Jin et al CGH. However, we detected significantly more microdeletions with much better resolution, thus greatly reducing the number of candidate genes for further functional validation and novel TSG identification. On the other side, however, TSGs are more frequently inactivated through epigenetic mechanisms or a combination of genetic and epigenetic aberrations, than through biallelic genetic inactivation (Jones and Baylin, 2002) . Here, we identified a new candidate TSG, ADAMTS18, silenced in multiple carcinomas by CGI methylation rather than genetic deletion, although it is located within a chromosomal region with frequent deletion detected by conventional CGH analyses in various tumors. ADAMTS18 belongs to a family of secreted proteases with 19 members, closely related to the ADAM proteinases that are involved in ectodomain shedding of diverse cell surface molecules. Unlike the mammalian ADAMs that are, with few exceptions, transmembrane proteins, the ADAMTSs are secreted proteins. Some ADAMTSs can bind to the ECM, while the substrates of other orphan ADAMTSs remain unknown. A few ADAMTSs, including ADAMTS1, 3, 5, 8, 9, 10 and 18, have been reported to be downregulated in some tumors including breast cancer (Masui et al., 2001; Porter et al., 2004) , indicating important roles of ADAMTSs in tumorigenesis. Tumorspecific promoter methylation has also been reported to contribute to the downregulation of ADAMTS1, 8 and 9 in tumors (Dunn et al., 2004; Lind et al., 2006; Lo et al., 2007) .
Similar to other ADAMTSs, ADAMTS18 contains multiple domains, including a metalloproteinase catalytic domain with a reprolysin-type zinc-binding motif, a disintegrin-like domain, and a central and five C-terminal TS (thrombospondin type 1) repeat domains (Cal et al., 2002; Porter et al., 2005) . However, no Epigenetic silencing of ADAMTS18 in carcinomas H Jin et al substrate or binding partner of ADAMTS18 has been identified and, thus, the molecular mechanism of ADAMTS18 functioning as a tumor suppressor remains unknown. Some ADAMTSs, including ADAMTS1 and ADAMTS8, were proven to have potent anti-angiogenesis function, possibly through the interaction of their TS repeat domains with the membrane protein CD36 on endothelial cells (Porter et al., 2005) . However, ADAMTS18 lacks the conserved motif in TS repeat domains present in ADAMTS1 and ADAMTS8 that is supposed to be important for their anti-angiogenesis functions. Furthermore, as shown in this study, ADAMTS18 directly suppresses both anchorage-dependent and -independent growth of tumor cells (Figure 5 ), indicating that ADAMTS18 could function directly to inhibit tumor cell growth without the dependence on anti-angiogenesis. Many ADAMTSs, probably including ADAMTS18, play important roles in the turnover of ECM through the cleavage of major components of ECM such as aggrecan (Porter et al., 2005) . The turnover of ECM may, thus, provide a nonpermissive environment for tumor growth, through the production of growth suppressive molecules or the degradation of growth promoting components. It is also possible that ADAMTS18 may disrupt the activation of growth factor receptors on the plasma membrane of tumor cells by the cleavage of these receptors or their coreceptors. In addition to its metalloproteinase catalytic domain, ADAMTS18 comprises several protein-protein interaction domains such as the disintegrin-like domain and TS repeat domains. Through these domains, ADAMTS18 may bind directly to growth promoting or inhibitory molecules and modulate their effects on tumor cells. In parallel, ADAMTS1 has been shown to bind to vascular endothelial growth factor (VEGF) and prevent VEGF-promoted proliferation of endothelial cells (Luque et al., 2003) . Proteomic screening of its binding partners and substrates would provide more information on how ADAMTS18 functions as a tumor suppressor.
Although we found that promoter methylation frequently silences ADAMTS18, other mechanisms might also be involved in inactivating ADAMTS18 in tumors. For instance, the ADAMTS18 promoter was unmethylated in several cell lines with no expression (Figures 1b and 3b) , indicating that some repressors or histone remodeling might contribute to this transcriptional silencing. On the other hand, genetic mutations may also inactivate ADAMTS18. A very recent comprehensive mutation study reported two missense mutations (R382K and K455T, both within the metalloproteinase catalytic domain) of ADAMTS18 in 2/11 colon tumors (Sjoblom et al., 2006) . However, the biological implication of these mutations in tumorigenesis remains to be further investigated.
Multiple studies have shown that aberrant CGI methylation can be used as a sensitive marker for cancer diagnosis and prognosis prediction (Baylin and Herman, 2000; Cottrell and Laird, 2003; Gius et al., 2005; Nakata et al., 2006) . Large-scale analysis with more tumor samples is needed to assess whether ADAMTS18 promoter methylation can be used as a new biomarker for cancer diagnosis and prognosis prediction.
Materials and methods
Cell lines and tissue DNA/RNA samples Multiple carcinoma cell lines were used (Qiu et al., 2004; Ying et al., 2005; Chan et al., 2007; Seng et al., 2007) , including esophageal (EC1, EC18, EC109, HKESC1, HKESC2, HKESC3, SLMT1, KYSE30, KYSE70, KYSE140, KYSE150, KYSE180, KYSE270, KYSE410, KYSE450, KYSE510 and KYSE520), nasopharyngeal (NPC) (C666-1, CNE1, CNE2, HK1, HONE1, HNE1, 6-10B and BM1), hepatocellular (HepG2, huH1, huH4, huH6, huH7, Hep3B, SNU387, SNU398, SNU423, SNU449, SNU475, Mahlavu and PLC/ PRF/5), lung (A427, A549, H1299, H358 and H292), gastric (Kato III, YCC1,YCC2, YCC3, YCC6, YCC7, YCC9, YCC10, YCC11 and YCC16), colon (HCT116, HT-29, LoVo and SW480), breast (BT549, MB231, MB468, MCF-7, SK-BR-3, T47D, ZR-75-1, YCC-B1 and YCC-B3), cervical (HeLa, CaSki, C33A and SiHa) and prostate (DU145, LNCap and PC3). Three nude mice-passaged undifferentiated NPC tumors derived from North Africans (C15, C17 and C18) were also studied (Busson et al., 1988) . Two human mammary epithelial cell lines, HMEC (Cambrex, East Rutherford, NJ, USA, Cat #CC-2251) and HMEpC (Applied Biosystems, Foster City, CA, USA, Cat #CA-830-05a) and three immortalized but nontransformed epithelial cell lines (esophageal -NE1 and NE3, nasopharyngeal -NP69) (Deng et al., 2004) were used as controls. DNA and RNA samples from various primary carcinomas have been described previously (Qiu et al., 2004; Ying et al., 2005; Zhou et al., 2005; Seng et al., 2007) . Cells were treated with Aza (Sigma, St Louis, MO, USA) (10 mmol/l for 3 days) or Aza together with TSA (100 ng/ml for an additional day) as described previously (Ying et al., 2005) .
Construction of the ADAMTS18 expressing vector
Part of the ADAMTS18 ORF (1-942 bp) was amplified by PCR using the high-fidelity Accuprimer Taq polymerase (Invitrogen, Carlsbad, CA, USA). The PCR product was cloned into the pCR4-TOPO vector (Invitrogen). After sequence verification, the insert was sub-cloned using NheI and EcoRI restriction sites into the neomycin resistant mammalian expression vector pcDNA3.1 (Invitrogen). The resulting construct was then ligated with the rest of the ADAMTS18 ORF cut from pBluescriptR-ADAMTS18 (purchased from RZPD, Berlin, Germany) using EcoRI and XbaI sites to generate the ADAMTS18 full-length cDNA expressing vector.
Semi-quantitative RT-PCR and multiplex differential DNA-PCR Genomic DNA and total RNA were extracted using Tri Reagent (Ying et al., 2005) . RNA was reverse-transcribed using the MuLV reverse transcriptase (GeneAmp RNA PCR kit, Applied Biosystems). PCR was performed as described previously (Tao et al., 2002; Chan et al., 2007) . Primers used were ADAMTS18F (F): 5 0 -tagccagtgacagcagcag, ADAMTS18R (R): 5 0 -ctaagtgcagttcctgtcca; ADAMTS18GF (GF): 5 0 -ctgctctccagctttggttt, ADAMTS18GR (GR): 5 0 -tttatgtgacttgcagctcg and ADMTS18R2 (R2): 5 0 -gctgaggtaatggcgagatg. F/R (194-bp product) was used for RT-PCR, while F/GR (249-bp product) and GF/R2 (265-bp product) were used for multiplex differential genomic DNA-PCR (Qiu et al., 2004) . RT-PCR was performed for 37 cycles (annealing temperature 551C) using the AmpliTaq Gold (Applied Biosystems) with dimethyl sulfoxide (DMSO, 5% final concentration). Multiplex differential genomic DNA-PCR was performed for 35 cycles (annealing temperature 581C) using AmpliTaq Gold, using 0.1 mg of DNA per 12.5 ml PCR reaction.
Array-CGH (aCGH)
Whole-genome arrays (B1-Mb resolution with 3040 BAC/ PAC clones) were provided by the Wellcome Trust Sanger Institute, UK. ACGH was performed and analysed as described previously (Ying et al., 2006) . Briefly, sample DNA (600 ng) was labeled with Cy5-dCTP (Amersham Pharmacia, Uppsala, Sweden), while reference DNA of normal peripheral blood mononuclear cells (PBMCs) from healthy Chinese donors was labeled with Cy3-dCTP. Hybridized slides were scanned using an Axon 4000B scanner (Axon Instruments Inc., Union City, CA, USA) and analysed with the GenePixPro 4.0 image analysis software.
MSP and BGS
Bisulfite modification of DNA, MSP and BGS were carried out as described (Tao et al., 1999 (Tao et al., , 2002 . For MSP, methylation-specific primers (annealing temperature 601C, 40 cycles) were: ADAMTS18m1: 5 0 -ttgtagttcggtaggttcgc (forward) and ADAMTS18m2: 5 0 -actccaaataaaaaccgccg (reverse); and unmethylation-specific primers (annealing temperature 601C, 38 cycles) were: ADAMTS18u1: 5 0 -aaattgtagtttggtaggtttgt (forward) and ADAMTS18u2: 5 0 -caactccaaataaaaaccacca (reverse). MSP primers were confirmed previously for not amplifying any unbisulfited DNA and, thus, specific. For BGS, bisulfite-treated DNA was amplified using BGS primers (annealing temperature 601C, 40 cycles), ADAMTS18BGS1: 5 0 -gttttagtttYggtttagggagtt and ADAMTS18BGS2: 5 0 -aacRcactccataatcaaatac, and cloned into pCR4-TOPO vector (Invitrogen). At least five colonies were randomly chosen for sequencing.
Colony formation and soft agar assays Colony formation and soft agar assays were performed as described previously to evaluate tumor cell growth in vitro (Jin et al., 2006; Ying et al., 2006) . Cells were cultured overnight in a 12-well plate (1.0 Â 10 5 per well) and transfected with pcDNA3.1 or the ADAMTS18-expressing vector using Fu-GENE 6 (Roche, Basel, Switzerland). Forty-eight hours later, the transfectants were replated in triplicate and cultured for 10-15 days in complete RPMI1640 medium containing G418 (400 mg/ml), without (colony formation assay) or with 0.33% agar (soft agar assay). For colony formation assays, surviving colonies were stained with Gentian Violet after methanol fixation and visible colonies (X50 cells) were counted. For soft agar assays, visible colonies were counted under microscopy. The experiments were performed three times independently.
